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Summary
Experimental data obtained by United Aircraft Research Laboratories
were interpreted using two supersonic combustion computer programs.
Program PI was an established program based on a conventional boundary
layer treatment of the mixing of concentric gas streams and complete
combustion chemistry. Program HI was an untested program based on a
modified boundary layer approach which accounted for radial pressure
gradients in the flow. Program Hi also incorporated a finite rate
chemistry calculation. The objective of the investigation was to compare
the experimental data with theoretical predictions of the two programs
with special emphasis on the prediction of radial pressure gradients
by the Hi program. A test of the Hi program was also desired through
comparison with the experimental data and with the PI program.
The experimental data on specie mass fractions agreed satisfactorily
with the theoretical predictions of the Pi program. Agreement improved
when the data were adjusted so that the ratio of total oxygen to nitrogen
was the same everywhere in the flow field as the overall ratio at the
nozzle outlet.
Calculations with the HI program suggested that the combustion rate
observed in the experimental data was not sufficient to produce sig-
nificant radial pressure gradients. There were indications in the
experimental data that the assumptions of complete mixing on a molecular
level (on which the finite rate chemistry claculation is based) may not
be valid. This fact, together with excessive running time, cast doubt
on the usefulness of the finite rate chemistry subroutine for correlat-
ing data on supersonic combustion.
Symbols
f mass fraction jet hydrogenj"2
k ratio of specific heat at constant pressure to specific heat
at constant volume
y\ molecular weight
M Mach number
P pressure
r,R radial distance
T temperature
u velocity
x,X axial distance
R universal gas constant
a. mass fraction of specie i
arm f\ mass fraction of water by combustionCn«U
a mass fraction total hydrogen including free hydrogen and
2 hydrogen combined as water
Y stream function
p density
jj, eddy viscosity
Subscripts
a free stream conditions
CL centerline
t stagnation conditions
Practical Application of Computer Programs
for
Supersonic Combustion
Introduction
i
Theoretical studies of supersonic combustion are of considerable
interest in connection with combustion chamber design for such vehicles
as the hypersonic ramjet. These studies have led to the development
of various computer programs for predicting the flow field in supersonic
combustion. Early programs of this kind were based on a conventional
boundary layer treatment of the mixing and combustion of concentric
jets of fuel and air (1). More recently programs have been developed
based on a modified boundary layer theory which permits the prediction
of lateral pressure gradients produced by the combustion process (2, 3,
4, 5, 6).
Because of a scarcity of data there has been relatively little
work done on the comparison of computer predictions with combustion
experiments. This report describes work done under contract NAS1-10341
with the object of demonstrating practical application of computer
programs in the interpretation of experimental results on supersonic
combustion.
Objectives of the Study
Two computer programs were selected for use. The first was prepared
by Hopf and Fortune of General Applied Science Laboratories (1). This
program is based on the conventional boundary layer equations applied
to the mixing and combustion of concentric streams of hydrogen and air.
The chemical reaction is handled by assuming complete combustion after
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mixing. The partial differential equations that result from the conventional
boundary layer equations are of parabolic type, and their solution by the
computer is straightforward. This computer program will be referred to here-
after as program PI. Its validity and usefulness in studying turbulent mixing
and combustion may be regarded as well established by earlier studies, for
example, the work of Anderson, Agnone, and Russin (7).
The second computer program selected for study was written by Groves (5,6)
under contracts NAS1-8219 and NAS1-9352. It is based on a modified set of
boundary layer equations developed by workers at General Applied Science
Laboratories (2). The modifications of the boundary layer theory permit the
prediction of radial pressure gradients in the flow field. This is in contrast
to program Pi which used the usual boundary layer assumption of constant
pressure in the radial direction. Another distinctive feature of the second
program is its use of a finite rate chemistry calculation developed by
Moretti (8) to describe the combustion reactions. The partial differential
equations resulting from the modified boundary layer theory are of "*a mixed
hyperbolic and parabolic type. Their solution by the computer program is de-
scribed by Groves (5). This second program will be referred to hereafter as
the HI program. It has not been tested against experimental data as yet.
There are two objectives of this study: 1) to use the two programs, PI
and HI, to interpret experimental data on supersonic combustion obtained
by United Aircraft Research Laboratories (9). Particular emphasis will be
given to the use of the HI program to predict whether serious pressure
gradients will develop in the radial direction as a result of combustion in
the mixing zone; (2) to test the Hi program by making various comparisons
of results from it with experimental data and with the predictions of well
established computer programs.
Interpretation of Experimental Data
The United Aircraft Data
The United Aircraft data were taken in an experimental setup
consisting of a coaxial free jet system. The system included a central
2cm diameter hydrogen jet surrounded by a 10cm diameter annular jet
containing oxygen, nitrogen, and water vapor. Figure 1 is a schematic
diagram of the apparatus. A high temperature was obtained in the annular
jet by the process known as vitiation. Hydrogen and air were burned in
a vitiation chamber producing high temperature. Various quantities of
oxygen were added to the resulting stream to yield the desired com-
position. The stream was then delivered to a nozzle feeding the annular
jet.
The nozzles were designed to produce a Mach 1.46 central jet of
hydrogen surrounded by a Mach 1.86 annular jet. Both jets discharged
5 2
at a pressure of 0.91x10 N/m (0.9 atm). Experimental data were
taken at stations 0.33cm, 5.1cm, 10.2cm, 17.8cm, 25.4cm, and 35.6cm
downstream from the nozzle exit. At each of these stations Pitot pressures
and species concentrations (H2, H20, N2> 02> were measured at various
radial positions. For details about the experiments the reader is referred
to the report prepared by Cohen and Guile (9).
Experimental data are available for several conditions of the
vitiated annular stream. For the purposes of the present contract the
data for which the annular jet was adjusted to have an oxygen concentra-
tion of approximately 21% were selected for analysis. These data will
be referred to henceforward as the high temperature vitiated air data.
Interpretation of the Data Using the PI Computer Program
Because the parabolic program has a much shorter running time it
was decided to test the data against it first. This program assumes
complete combustion in its chemistry subroutine so the data could not
be compared with the computer results directly. The experimental mass
fraction data indicate partial combustion in the mixing zone, and hence
must be recalculated on a complete combustion basis before comparison.
Furthermore complete combustion implies a greater shifting of stream-
lines away from the centerline than partial combustion. This means
that a comparison of composition data at the same distance from the
centerline would not be successful. Instead the experimental data
were compared against the computed results at the same value of stream
function as done by Anderson, Agnone, and Russin (10).
For axisymmetric geometry the streamline coordinate is defined by:
= J 2 pur dr (1)
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To calculate density and velocity it was necessary to know the total
temperature at each experimental point. Total temperatures were not
measured in the United Aircraft studies for the high temperature
vitiated air runs. The values of total temperature calculated by
Cohen and Guile (11) in their correlation of the experimental results
were therefore used in the calculation of the streamline coordinate.
These calculated total temperatures are consistent with the ex-
perimentally measured pitot pressures and species concentrations. While
their use introduces uncertainty into the calculated values of the
stream function, the errors involved should not be serious. The stream
function is inversely proportional to the fourth root of the total
temperature. Hence it is not very sensitive to changes in total
temperature. This is demonstrated by Table 1 which shows the effect
on stream function of 100°K variations.
The Mach number was obtained from the ratio of Pitot pressure to
static pressure using the tables given by Shapiro (12). The static
temperature was calculated from the total temperature by the relation
T 1_
T k-1 2
Lt 1 + =Y" M
with k assumed equal to 1.4. The density and velocity followed
directly from the equations:
(3)
-
 f/\p = — (4)
RT
Sufficient information was now available to evaluate the integral
in Equation (1). The integral was evaluated numerically from the
experimental data using the trapezoidal rule.
The PI computer program was now run using conditions at the nozzle
outlet for the high temperature vitiated air experimental run as input.
These starting conditions, as reported by Cohen & Guile (13), are shown
in Table 2. The user of the PI program must also supply a scheme for
calculating eddy viscosity at every point in the flow field. For this
purpose the Cohen (14) eddy viscosity model was used in the form
The transverse extent of the mixing layer, b, was taken to be the
radial distance between the points in the flow where
(u-ua) = 0.95 (uCL-ua) (6)
and
(u-ua) = °'05 (uCL-Ua) <7>
The values of n.. and m.. were taken to be 2.69 and 0.6 respectively.
The constant K was adjusted to give good agreement between experimental
data and computed results. Its value was 0.0137.
Using these input data the PI program was run to generate mass fraction
vs stream function distributions at axial stations 10.2cm, 17.8cm, 25.4cin,
and 35.6cm from the nozzle outlet. The experimental data, recalculated on a
complete combustion basis, and the computed results were then compared on
plots of mass fraction H-, H20, N-, and 0_ versus stream function. The plots
are shown in Figures 2, 3, 4, and 5. The agreement is generally satisfactory
although the water mass fraction in the inner jet region is somewhat high at
the last two axial stations.
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Examination and Adjustment of Composition Data
In an effort to improve agreement between the Pi program and the
data an examination of the data for consistency was made. The composi-
tion at any point in the flow field results from the mixing of the pure
hydrogen from the central jet with the annular stream containing N-,
0? and H?0. For this reason the ratio of total 02 (including free 0_
and combined 0_ in the form of H_0) to N» should be the same everywhere
in the flow field. This will be true provided that mixing by the
movement of turbulent eddies predominates over mixing by molecular dif-
fusion and providing that the composition of the annular stream at the
nozzle outlet is uniform.
Calculation of the total 0- to N~ ratio revealed variations from '
point to point in the flow field at all axial stations including the
nozzle outlet. These variations may be due to errors in the sampling
procedure and the gas chromatographic analysis which yielded the
composition data. On the other hand they may result from insufficient
mixing upstream of the nozzle outlet causing a non-uniform concentra-
tion distribution in the annular stream at the nozzle outlet. The
available data are not sufficient to decide which explanation of the
variable 0_ to N2 ratio is correct. It was decided to explore the
consequences of assuming a uniform flow field at the nozzle outlet
and adjusting the data to give a constant ratio of total 0? to N».
Table 3 shows the overall composition of the annular stream as reported
by Cohen and Guile (13) along with the total 0- to N~ ratio. A com-
puter program was written to adjust the data to this ratio of 0_ to
N2 at every point.
There are three possibilities for adjusting the data to the ,
proper 0 to N? ratio:
Method A: Assume N» and 0_ correct, adjust H20
Method B: Assume N_ and H-0 correct, adjust 0_
Method C: Assume ()„ and H_0 correct, adjust N_.
The data were recalculated by these three methods. A priori method A
seemed most likely to be correct because accurate analysis for H-O is
probably most difficult. As a check on the three methods total H0
flow was claculated at the axial stations 10.2, 17.8, 25.4, and 35.6cm
from the nozzle exit. The calculation of total H- flow is discussed in
Appendix I.
Table 4 shows the total H» flow based on the three correction
methods. All three methods result in a H2 flow significantly less than
the metered flow of 0.051 kg/sec. This same discrepancy was observed
by Cohen and Guile (15) in the treatment of other data from the same
experimental equipment. The total HL flow stays more nearly constant
from station to station for method A. For this reason and because of
the greater probability of error in the water analysis, Method A was
chosen for treatment of the data.
Table 5 shows uncorrected mass fraction data and mass fraction
data adjusted by method A at each axial station. The stream function
is also shown. A study of the data revealed that the adjusted values
do not scatter as badly as the raw data. Figure 6 illustrates this
for the nitrogen mass fractions at the 17.8cm axial station.
Figures 7, 8, 9, and 10 compare the data, adjusted by Method A
to a constant CL/N2 ratio, with the predictions of the Pi program.
The agreement is somewhat more satisfactory than for the uncorrected
data. This may simply reflect better consistency of the corrected
data with the uniform annular stream composition used as input to the
PI program.
Interpretation of the Data Using the HI Computer Program
Having demonstrated agreement of the experimental data with the
PI program, attention was now turned to the hyperbolic HI program.
The Hi program was run with the same input data used previously
(Table 2). The Cohen eddy viscosity equation with the same numerical
parameters used with the PI program was used in this run. Because the
Hi program includes finite rate chemistry it was necessary to add to
the data of Table 2 information about the mass fractions of the free
radical species, H, 0, and OH. In the first run these were set equal
to zero. Under these conditions the HI program ran successfully, but
ignition did not occur.
It was suggested by Cohen and Guile (16) in their discussion of
the experimental data that the hot vitiated air stream contains increased
amounts of free radicals produced during the vitiation process.
Accordingly the free radical concentrations (H, 0, OH) for the input
data were increased to the levels suggested by Cohen and Guile as shown
in Table 6. The HI program started successfully; under these conditions
and ignition did occur. However, the calculated pressure and temp-
erature soon rose rapidly resulting in a decrease in Mach number to the
subsonic range. At this point the Hi program failed. The HI program
involves application of the method of characteristics to the hyperbolic
part of the equations describing the flow. When the Mach number falls
below 1.0, the method of characteristics fails.
The HI computer program ran successfully to an axial position
8.02cm from the nozzle outlet before failing. The predicted mass
fractions of H-, 0 , HO, and N« were therefore compared with the
experimental data (adjusted by Method A, not completely reacted) at
the 10.2cm axial position. Figure 11 shows that agreement is satis-
factory. Only slightly less satisfactory agreement was found between
the raw data and the calculated results. This indicates the general
validity of the Hi program in the region ahead of the high heat release.
The main reason for applying the HI program to the experimental
data was to see if the program predicts large radial pressure gradients
as a result of rapid release of heat by the chemical reaction in the
mixing zone. The results indicate that, given the rate of heat release
predicted by the finite rate chemistry calculation, the radial pressure
gradients are indeed severe. This conclusion still leaves the question
whether the heat release rate predicted by the finite rate chemistry
subroutine agrees with the heat release rate observed experimentally.
This question will be examined in the following section.
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Introduction of the Partial Combustion Chemistry Subroutine
Since the high rate of heat release predicted by the finite rate
chemistry routine appeared to be causing trouble, alternative ap-
proaches to the combustion chemistry were sought. In a turbulent flow
field mixing occurs by the movement of slugs or eddies of material
from one place in the flow field to another. Thus the mixing zone in
the United Aircraft experiments may consist of slugs of H_ distributed
among slugs of 0_ rich material but not necessarily mixed on a molecular
level. The finite rate chemistry subroutine, which assumes complete
mixing on a molecular level, may not provide an accurate description of
the combustion process in a real turbulent field.
A partial combustion chemistry subroutine was therefore developed.
The HI program carries out a stepwise calculation of the turbulent
flow field in the axial direction. For each axial step a characteristics
calculation first computes pressures for each radial position at the
next axial point. Next a calculation of radial mixing of mass, energy,
and momentum is made. Finally the finite rate chemistry subroutine
computes the extent of reaction at the new axial position. ;
The partial combustion chemistry routine allows a fixed percentage
of the limiting reactant to be consumed by the combustion process at
each radial position. For example, if at a certain point in the flow
field oxygen is present in excess then hydrogen is the limiting reactant.
The chemistry routine reacts a fixed percentage of the hydrogen and
leaves the rest unreacted. At another position the hydrogen might be
present in excess, and the given percentage of oxygen would be reacted.
This procedure is repeated for every radial position at each axial step.
The fixed percentage reaction is supplied to the computer program with
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the rest of the starting data. Though this percentage may be small,
after a hundred axial steps a considerable amount of reaction has
occurred.
The HI program modified in this way was run with the high temp-
erature vitiated air input data (Table 2) used previously. With
percentage reaction in a given step limited to less than 4%, the
program ran successfully. A rapid increase in temperature occurred
in the mixing zone. The temperature increase was accompanied by an
increase in pressure but this pressure increase soon changed to an
oscillation. The Mach number remained in the supersonic range, and
i
the calculation could be continued as far as desired in the axial
direction.
Calculated pressure distributions, radial and axial, are shown in
Figures 12 and 13 based on one per cent reaction in each axial step.
It can be seen that the combustion process does not produce large
pressure gradients when the burning rate is limited in this way.
Partial combustion with a fixed percentage reaction in each axial
step is only a crude way to describe the actual reaction process„ A
better approximation would be the use of a variable percentage reaction,
higher in the hot parts of the flow field, lower in the cool parts.
The calculations based on a fixed percentage reaction were not expected
to predict correctly the details of radial distribution of chemical
species present. However, the partial combustion chemistry does provide
a way for the user of the HI program to control the rate of heat release
by the combustion process.
A method was now sought to compare heat release rate for the ex-
perimental data with heat release rate in the partial combustion chemistry
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computer runs. A good measure of the total heat release up to a
given point in the flow field is the mass fraction of water formed
by combustion up to that point. Accordingly this mass fraction was
now calculated for the experimental data and for the computer run.
The calculation is made somewhat more difficult by the fact that
the water present at any point in the flow field comes from two
sources - combustion of hydrogen and oxygen and mixing of water fed from
the nozzle with the annular stream. The water from the annular stream
can be calculated, however, by using nitrogen from the annular stream
as a tracer. The overall water to nitrogen mass ratio in this stream
at the nozzle outlet is 0.254. This ratio is not changed by the turbu-
lent mixing process. Thus, assuming a uniform composition for the
annular stream at the nozzle outlet, the mass fraction of water from
the annular stream at any point in the flow field is 0.254 times the
mass fraction nitrogen at that point. The mass fraction water by
combustion is then readily obtained by deducting the water from the
annular stream from the total mass fraction of water at any point.
aCH20 - «H20 - °'254 \
Figure 14 compares the water by combustion derived from the raw
experimental data with the water by combustion predicted by the computer
at axial stations.10.2, 17.8, and 25.4cm from the nozzle outlet. At
" i
each axial station the experimental water formed by combustion is less
than or equal to the calculated combustion water. While not conclusive
this certainly suggests that the rate of water formation and hence the
rate of heat release by combustion was greater in the computer cal-
culations than in the experimental run.
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The experimental values shown in Figure 14 are based on the
s
assumption that the water to nitrogen mass ratio in the annular
stream is equal to 0.254 uniformly throughout the flow field at the
nozzle outlet. If the experimental data at the 0.33cm axial station
are correct the water to nitrogen, ratio is somewhat higher than 0.254
in the neighborhood of the hydrogen jet. Assuming negligible com-
bustion at x = 0.33cm this would imply somewhat lower peaks in the
experimental combustion water data than shown on Figure 14. This
in turn would reinforce our conclusion that the experimental water
by combustion is less than that observed in the computer runs.
Water by combustion was also calculated from the adjusted ex-
perimental data of Table 5. The calculated values are considerably
lower than the points shown in Figure 14. In fact if the adjusted data
are correct, there was little combustion occurring in the experimental
run. The UA.C investigators observed a flame but there was a "flickering"
effect (17) which suggests marginal combustion. There does not appear
to be sufficient information to decide whether the raw or adjusted data
are correct. In' either case our conclusion that there was more rapid
combustion in the computer run than in the experiment holds.
We are thus led to the answer to one of the prime questions raised
by this investigation: Is the experimental heat release rate sufficiently
large to produce significant radial pressure gradients? The heat release
rate in the computer run did not produce severe radial pressure gradients.
Since the heat release rate in the experimental run appears to be even
less we conclude that significant radial pressure gradients do not develop
there.
It is interesting to inquire how complete the combustion process
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was in the computer run plotted on Figure 14. Figure 15 compares
the combustion water for total combustion in this computer run with
the combustion water actually calculated based on 1% reaction per
step. It can be seen that significant combustion occurred in the
computer run.
If the experimental points of Figure 14 were plotted on Figure
/
15 they would form a curve of the same general shape but with a
peak lower and to the left of the partial combustion curve. Evidently
by using a lower percentage combustion per step (perhaps 0.5% instead
of 1%) it would be possible to get a reasonable match of computer
predictions with experimental results. It is interesting that such
a crude model of the chemistry offers the possibility of a rough re-
production of experimental results.
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Testing of the Hi Computer Program
The Hi computer program is a new program which has not been adequately
tested against experimental data and otherwise. One of the objectives
under the present contract was to perform general tests of the
validity of the Hi program. Several of these tests will now be
discussed.
Comparison of Results with GASL Program
The first trial of the Hi program was a comparison on a test
case with a similar program prepared by General Applied Science
Laboratories. The input data are shown in Table 7. The purpose of
the run was to test the characteristics and mixing parts of the
program so the chemistry subroutine was eliminated.
Figure 16 shows how centerline pressure varied with axial
position for this test case. Mixing of the hot and cold streams
gave rise to a pressure increase, but this increase never exceeded
a few per cent. Furthermore the pressure variations appear to be
damping out. The predictions of the Hi program agreed in this
respect with the GASL program (18). Although exact quantitative
agreement with the GASL program was not achieved the differences
can probably be attributed to differences in radial and axial step-
size in the numerical method. The results show that the characteristics
and mixing parts of Hi are stable and converge to reasonable answers.
Nozzle Calculation by Hi Program
Calculation of the flow through a nozzle described by Shoemaker (19)
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was used as a test of the characteristics portion of the Hi program.
Pure hydrogen was used as the flowing fluid; the chemistry subroutines
were bypassed; and the parabolic mixing equations were nullified by
setting eddy viscosity equal to zero.
The nozzle was a Mach 2.22 nozzle whose contour was fitted by
means of three polynomials. The contour is shown in Table 8. Condi-
tions at the nozzle inlet are shown in Table 9. Some difficulty was
experienced in obtaining a good polynomial fit of the nozzle contour.
Although the fitted curve could be made to conform to the given points
on the nozzle contour, the fit tended to be "wavy".
The program ran successfully and predicted conditions at the
nozzle outlet as shown in Table 10. Conditions at the nozzle outlet
check in a general way with expected results. The nozzle design
calls for a Mach number of 2.22 at the outlet. The Mach numbers in
Table 10 are in the right range. The predicted results indicate a
\
significant radial gradient in pressure. This may be the result of
failure to achieve an exact polynomial fit of the nozzle contour.
I.
Comparison of the HI Program with the PI Program
To test the mixing portion of the Hi program a comparison with
the Pi program was used. The two programs were run with starting
data for the United Aircraft high temperature vitiated air experi-
ments. The chemistry portion of the Hi program was bypassed. The
chemistry calculation in the Pi program was eliminated by using pure
nitrogen in the hot outer jet to mix with pure hydrogen in the inner
ft SlllffSjet. For both programs a constant eddy viscosity of 6xlO~ "
was used.
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The programs were run out to an axial position of 0.6 ft where
a comparison was made. Figure 17 shows plots of static temperature
and hydrogen mass fraction versus radial position for the two
programs. Figure 18 shows the axial distribution of hydrogen mass
fraction as predicted by the two programs. The agreement is good
indicating again the validity of the mixing and characteristics
portion of the Hi program.
Discussion of the Finite Rate Chemistry Subroutine
This study casts significant doubt on the usefulness of the
finite rate chemistry subroutine for interpreting experimental data
on supersonic combustion. One difficulty is the long running time
of this subroutine. Two hours of IBM 360-65 central processing unit
time is a reasonable estimate for computing a 30cm long combustion
chamber using the starting conditions of the United Aircraft experi-
mental run discussed in this report. This compares to about 10
minutes of CPU time for the same calculation using the Hi program
with the finite rate chemistry bypassed. Efforts to shorten the '<
running time by reducing the number of chemical reactions included
in the finite rate chemistry routine did not appear rewarding and
were abandoned.
Another serious difficulty is that the heat release rate pre-
dicted by the finite rate chemistry calculation appears to be consider-
ably greater than observed in the experiments examined in this
investigation. The finite rate chemistry routine assumes complete
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mixing of the flowing fluid on a molecular level. In a turbulent flow
field this degree of mixing is not immediately attained. In the
experiment studied here the field probably consists of eddies or
slugs of hydrogen distributed among eddies of oxygen rich material
but not mixed with them on a molecular level. The combustion rate
is therefore limited not by finite rate chemistry but by the rate of
molecular interdiffusion between adjacent hydrogen rich and oxygen
rich eddies. This explains the slower rate of heat release suggested
by the experimental data. It would seem desirable to develop a
chemistry calculation based on this interdiffusion process (20) rather
than the complete microscopic mixing model used in the Hi program.
It may be that the reaction rate is so fast that the combustion
process is completely controlled by the interdiffusion rate. In
this case the complex free radical scheme of chemical reactions,
which requires so much computer time, would not need to be considered.
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Conclusions
1. There was satisfactory agreement between the raw experimental
mass fraction data and the theoretical predictions of the Pi program.
The agreement improved when the raw data were adjusted so that the
nitrogen to oxygen ratio was the same everywhere in the flow field.
2. Calculations with the Hi computer program suggest that the heat
release rate observed in the experimental data is not sufficient to
produce significant radial pressure gradients under the experimental
conditions (free jet).
3. Tests of the characteristics and mixing portions of the Hi
program indicate that the program is stable and predicts results in
general agreement with experimental data and the Pi program.
4. Tests of the finite rate chemistry portion of the Hi program
indicate that the running time is excessive and suggest that the
assumption of complete mixing of chemical species on a molecular
level is in disagreement with experimental data.
5. Efforts should be made to develpp?a chemistry subroutine that
reflects the controlling effect of interdiffusion of adjacent
turbulent eddies on the combustion rate.
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Appendix I
Calculation of Total Flow Rate of Hydrogen from Central Jet
At any point in the flow field the hydrogen present comes from
two sources: the central jet and the water present in the annular
stream. As a check on the experimental data the total flow of
hydrogen originating from the central jet was calculated from the
experimental data for each axial station. This total flow should
remain the same at each axial station and should equal the jet
hydrogen flow calculated from conditions at the nozzle outlet.
The total jet hydrogen flow was calculated by evaluating the
integral
-J* f ,„ pu r dr (1-1)o JH2
at each axial station. The first step in the computation was the
determination of f , the mass fraction of central jet hydrogen'.atJH2
a given point in the flow field. The mass fraction total hydrogen
(including free hydrogen and hydrogen in the form of water) was i
easily obtained:
«EH2"% + * V (I"2)
The mass fraction of hydrogen from the annular stream was calculated
by using nitrogen as a tracer for water from the annular stream. The
overall mass ratio of water to nitrogen in the annular stream was
0.254. This ratio should remain the same everywhere in the flow
field provided that mixing by turbulent transport predominates over
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molecular diffusion.and assuming that the annular stream is uniform
at the nozzle outlet. The mass fraction of central jet hydrogen
was computed by deducting the hydrogen equivalent to the annular
stream water from the total hydrogen mass fraction
f + - - ,0.254^  '
 3)
2 2 2 2
Density and velocity were computed as described on page 3 in
connection with calculation of the stream function. The integral of
equation 1-1 was evaluated by the trapezoidal rule.
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Table 1
Effect of Variations in Total Temperature
on
Stream Function
X = 17.8cm Y-(kg/sec)1/2
R,cm
0.0
0.3175
0.635
1.016
1.27
1.397
1.524
1.778
1.895
2.022
2.212
2.53
2.911
3.165
3.292
3.419
3.673
3.810
Total Temperature
Decreased 100°K
0.00
0.03775
0.07176
0.1094
0.1374
0.1539
0.1749
0.2287
0.2555
0.2841
0.3266
0.3984
0.4823
0.5363
0.5629
0.5891
0.6407
0.6681
Total Temperature
as Used
0.00
0.03625
0.06936
0.1065
0.1344
0.1507
0.1716
0.2250
0.2516
0.2800
0.3220
0.3928
0.4753
0.5285
0.5546
0.5805
0.6312
0.6582
Total Temperature
Increased 100°K
0.00
0.03502
0.06734
0.1041
0.1317
0.1480
0.1687
0.2217
0.2481
0.2762
0.3178
0.3875
0.4688
0.5212
0.5470
0.5724
0.6224
0.64*90
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Table 3
Conditions at Nozzle Outlet for High Temperature
Vitiated Air Experiment
Jet: Radius 1cm
1.0
Mach Number
Pressure
1.46
0.91xl05 N/m2 (0.9 atm)
Annular Stream:
01,H,
H2°
0.0
0.15
0.59
\
Mach Number
Pressure
0.26
1.86
0.91xl05 N/m2 (0.9 atm)
Mass Ratio of total 0.666
oxygen to nitrogen
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Table 6
Mass Fraction Free Radicals in
Starting Data for Hi Program
2.99xlO~8
5.42X10'4
. 874x10"
Table 7
Starting Data for Comparison of Hi Program
with GASL Program
Central Jet Annular Stream
Mach Number 2 3
Velocity 1269 m/sec. 1041 m/sec.
Temperature 1000°K • 300°K
Pressure 1.013xl05N/m2 (1 atm) 1.013xl05 N/m2(l atm)
Gas air air
radius of central jet = 2.5cm
—2 N—sec
Eddy viscosity = 2.49x10 —g—- (constant)
m
Table 8
Nozzle Contour for Test of Hi Program
axial distance
cm
0.0
0.0354
0.0707
0.1414
0.2828
0.4242
0.5656
0.707
0.9191
1.1312
1.3433
1.5625
Polynomial fit:
x <0.03cm;
r = 0.3535 + 2.48xlO~5x
0.03cm ^  x < l.lcm:
radial distance
cm
0.3535
0.3570
0.3623
0.3747
0.3995
0.4242
0.4461
0.4638
0.4850
0.4977
0.5027
0.5041
0.193x + 67. 5x
0.350 + 0.196(x-0.03) - 0.0428(x-0.03) -0.0129(x-0.03)'
J< <^ 1.36cm :
0.497 + 0.05501(x-l.l) -0.133(x-l.l)2 + 0.105(x-l.l)3
1.36cm
0.504
35
Table 9
Conditions at Nozzle Inlet for Test HI Program
Mach Number
Temperature
Pressure
Velocity
Gas
1.1
434.8°R
1.61xl06 N/m2(15.9 atm)
1296 m/sec.
hydrogen
36
Table 10
Calculated Results at Nozzle Outlet: HI Program
x = 1.56cm: P^ = 2.56xl05 N/m2(2.52 atm)
r ,cm
0.0
0.0394
0.0789
0.1180
0.1580
0.1970
0.237
0.276
0.315
0.355
0.394
0.434
0.473
0.504
P/PrTCL
1.0
1.001
1.003
1.010
1.018
1.029
1.048
1.072
1.107
1.141
1.175
1.200
1.206
1.205
(JJL.
u,m/sec
2130
2130
2125
2125
2120
2120
2115
2110
2100
2090
2080
2078
2074
2070
Mach Nui
2.36
2.36
2.35
2.35
2.35
2.34
2.33
2.32
2.30
2.28
2.26
2.24
2.24
2.23
37
Annular
Stream
Central Jet
flow field Collection
Duct
Figure 1
Schematic Diagram
of
United Aircraft Experimental Setup
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Composition Profiles Compared With Theory (PI Program);
Raw Data, Complete Combustion
X = 10.2 cm
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Figure 3.
Composition Profiles Compared with Theory (Pi Program)
Raw Data, Complete Combustion
X = 17.8 cm
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Figure 4.
Composition Profiles Compared with Theory (Ft Program)
Raw Data, Complete Combustion
X = 25.4 cm
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Composition Profiles Compared with Theory (PI Program)
Raw Data, Complete Combustion
X = 35.6cm
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Figure 7.
Composition Profiles Compared with Theory (PI Program)
Adjusted Data, Complete Combustion
X = 10.2 cm
K-H-H-
— Theory
O N
i|4Y, (KG/SEC)
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Figure 8.
pComposition Profiles Compared with Theory (PI Program)
m
 Adjusted Data, Complete Combustion •
X = 17.8 cm
45
1Y, (KG/SEC)1/2
—— Theory
O
Y, (KG/SEC)
Figure 9.
Composition Profiles Compared with Theory (PI Program)
Adjusted Data, Complete Combustion
X = 25.4 cm
'I1 I Y, (KG/SEC) 1/2§
tY, (KG/SEC)
Figure 10.
Composition Profiles Compared with Theory (PI Program)
Adjusted Data, Complete Combustion
X - 35.6 cm
fHTTFffl
— Theory
O N
47
48

Figure 14
Radial Distribution of Water from Combustion
Partial Combustion Chemistry (1% Reaction per Step)
O Experiment (Raw Data)—— Theory
X = 17.8 cm
j X = 10.2 cmp
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Figure 17
Radial Distribution
of
Temperature and Hydrogen Mass Fraction
PI Program jt;
X = 18.32 cm
HI Program a~
DISTANCE, R
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